High-resolution measurements of the dynamic magnetic susceptibility are reported for the ferromagnetic, reentrant superconductor ErRh 4 B 4 . A detailed investigation of the coexisting regime reveals unusual temperature-asymmetry on warming and cooling and magnetically anisotropic behavior. The superconducting phase appears via a series of discontinuous steps upon warming from the ferromagnetic normal phase, whereas the ferromagnetic phase develops via a more gradual transition upon cooling from the superconducting phase. A model based on local field inhomogeneity is proposed to explain these observations. DOI: 10.1103/PhysRevB.77.100503 PACS number͑s͒: 74.25.Dw, 74.25.Ha, 75.50.Cc Problems associated with the coexistence of long-range magnetic order and superconductivity were discussed even before the appearance of the microscopic theory of superconductivity.
Ho x Mo 6 S 8 ͑T FM Ϸ 0.7 K , T c Ϸ 1.8 K͒, 8 the weakly ferromagnetic ErNi 2 B 2 C ͑T FM Ϸ 2.3 K , T AFM Ϸ 6 K,T c Ϸ 11 K͒, 9 and more recent itinerant superconducting ferromagnets UGe 2 ͑T FM Ϸ 33 K , T c Ϸ 0.95 K͒ at P Ϸ 1.3 GPa ͑Ref. 10͒ and URhGe ͑T FM Ϸ 9.5 K , T c Ϸ 0.27 K͒. 11 Whereas all these materials are very interesting on their own, the coexistence of growing, large, local moment ferromagnetism and superconductivity is most clearly presented in ErRh 4 B 4 . In particular, we are interested in the details of the narrow temperature interval ͑ϳ0.3 K͒ where the two phases coexist and influence each other.
ErRh 4 B 4 has been extensively studied over the past 30 years. [2] [3] [4] [5] [6] 12, 13 The ferromagnetic phase is primitive tetragonal where the c axis is the hard axis and the a axis is the easy magnetic axis. Detailed measurements of anisotropic magnetization upper H c2 and lower H c1 critical fields were done by Crabtree et al. 13, 14 who found that H c2 a ͑along the a axis͒ peaks at 5.5 K due to large paramagnetic spin susceptibility in that direction and then merges with H c1 at low temperature indicating a transition to type-I superconducting state. 13, 4 In contrast, H c2 c collapses near the onset of the long-range ferromagnetic order.
Neutron-diffraction studies have established the existence of a modulated ferromagnetic structure with a length scale of ϳ10 nm. 15, 16 Single-crystal data suggested that coexisting phases form a mosaic of normal FM domains and SC regions larger than ϳ200 nm in size. The SC regions contain modulated FM moment with a period of ϳ10 nm. These regions could be regular domains, spontaneous vortex lattices, or laminar structures with Ն200 nm periodicity and modulated SC domains in between. 16 Thermal hysteresis is observed both in the normal Bragg peak intensity and the small-angle peaks. For the small-angle peaks, the intensity is higher on cooling than on warming. This is opposite to the behavior of the regular Bragg peaks from the FM regions. 15 Furthermore, the first-order transition, observed in satellite peaks' temperature dependence, 16 is consistent with the spiral state of Blount and Varma. 17 However, a continuos transition was reported in other neutron diffraction studies 15, 18 and specific heat experiments. 19 Such a transition can be realized in a modulated structure or via the formation of a spontaneous vortex phase.
Theoretically, some striking features of the coexisting phase include an inhomogeneous spiral FM structure, 17 ,20 a fine domain "cryptoferromagnetic" phase, 2,21 a vortex-lattice modulated spin structure, 22 type-I superconductivity, 2,22,23 a gapless regime, and, possibly, an inhomogeneous FuldeFerrell-Larkin-Ovchinnikov ͑FFLO͒ state.
2,12 Another interesting possibility is the development of superconductivity at the ferromagnetic domain walls. 24, 25 In this paper we report precision measurements of the dynamic magnetic susceptibility of ErRh 4 B 4 with an emphasis on the narrow temperature region where ferromagnetism and superconductivity coexist. We find that the transition is hysteretic and also highly asymmetric when FM→ SC ͑heat-ing͒ and SC→ FM ͑cooling͒ data are compared. The FM ↔SC transition proceeds via a series of discrete steps from the FM to the SC phase upon warming and proceeds via a smooth crossover from the SC to the FM state upon cooling.
With this new information we analyze the relevance of some of the predictions made over the years for the coexisting phase.
Single crystals of ErRh 4 B 4 were grown at high temperatures from a molten copper flux as described in Refs. 26 and 27. The resulting samples were needle shaped with the crystallographic c axis along the needles. Transport measurements gave a residual resistivity ratio ͑RRR͒ of about 8, consistent with previous reports. ͑Note that significant contribution to resistivity comes from spin-disorder scattering, so this low value of RRR does not indicate bad sample quality.͒ The anisotropic H c2 ͑T͒ curves ͑see inset to Fig. 4 below͒ are consistent with earlier reports as well. 13, 14 The ac magnetic susceptibility was measured with a tunnel-diode resonator ͑TDR͒ which is sensitive to changes in susceptibility ⌬ ϳ 10 −8 . Details of the measurement technique are described elsewhere. [28] [29] [30] In brief, a properly bi-ased tunnel diode compensates for losses in the tank circuit, so it is self-resonating at its resonant frequency, =1/ ͱ LC ϳ 10 MHz. A sample is inserted into the coil on a sapphire rod. The effective inductance changes and this causes a change in the resonant frequency. This frequency shift is the measured quantity and it is proportional to the sample's dynamic magnetic susceptibility . [28] [29] [30] Knowing the geometrical calibration factors of our circuit, we obtain ͑T , H͒. The advantages of this technique are: very small ac excitation field amplitude ͑ϳ20 mOe͒, which means that it only probes but does not disturb the superconducting state; high stability and excellent temperature resolution ͑ϳ1 mK͒, allowing a detailed study of the coexisting region, which is only ϳ500 mK wide. The normal-state skin depth is larger than the sample size, so we probe the entire bulk, but when the superconducting phase becomes dominant, there is the possibility that some FM patches still exist, but are screened. Figure 1 shows the magnetic susceptibility in singlecrystal ErRh 4 B 4 for an applied field oriented along the easy axis and perpendicular to the needle-shaped crystal over a wide temperature range. The peak in ͑T͒ at the ferromagnetic to superconducting boundary below 1 K is a common feature observed in local moment ferromagnets. 31 Clearly, superconductivity is fully suppressed in the ferromagnetic phase. Note that at elevated fields, the response is nonmonotonic on the SC side close to the FM boundary, indicative of enhanced diamagnetism ͑larger, negative ͒, which may be due to suppressed magnetic pair breaking or entering into another phase, such as FFLO.
2,12
Figure 2 zooms into the SC↔ FM transition region. Measurements were taken after zero-field cooling, applying external field and warming up ͑ZFC-W͒ to above T c and then cooling back to the lowest temperature ͑FC-C͒. There is a striking asymmetry in this transition-when the superconducting phase develops out of the FM state, the response proceeds with jumps in the susceptibility, which are clearly associated with the appearance of superconducting regions of finite size. The steps are present up to the largest field in which superconductivity survives. Decreasing temperature results in a completely different behavior: the transition is smooth and gradual as the sample cools.
To better understand the dynamics of the transition, the top frame of Fig. 3 shows measurements at H = 0 for different temperature ramp rates that vary over two orders of magnitude. Temperature variation is shown in the inset. These data clearly demonstrate that this hysteresis is insensitive to heating and cooling rates. It should be noted that all the other data presented in this paper were taken with the slowest cooling rate of 60 K / s.
A similar hysteresis is also present when the external magnetic field is applied along the c axis. This is shown in Fig. 4 . Note that the peak in ͑T͒ at the FM boundary is not present, which is consistent with the behavior observed in other anisotropic, local-moment ferromagnets. 31 The inset to 4 shows the phase diagram obtained from resistivity and TDR measurements for both orientations. There is excellent agreement between the two techniques and, as noted earlier, this diagram is consistent with previous reports. 13, 14 Finally, Fig. 5 shows so-called minor hysteresis loops ͑not as a function of field but temperature͒. The labels show the evolution of the susceptibility. The temperature sweep starts from low temperature at ͑1͒ when the sample was then warmed up past the first signs of superconductivity that appear as a small jump at ͑2͒ and warmed further, reaching almost full superconductivity at ͑3͒. The sample was then cooled back down to ͑4͒ as indicated by the arrow and warmed back to ͑5͒. Note that along ͑3͒ → ͑4͒, is significantly different from ͑4͒ → ͑5͒. Another similar minor cooling-warming loop was performed, ͑6͒ → ͑7͒ → ͑8͒, after which the sample was cooled down to return to ͑10͒ = ͑1͒ via ͑9͒. Interestingly, no steps or jumps were observed on the minor loops even on warming. Also, the slope d / dT is similar on cooling and warming and is very different from the original steep slope ͑2͒ → ͑3͒. This is consistent with the presence of vortices, probably pinned by the modulated FM/SC structure. The inset in Fig. 5 shows a small minor loop on a cooling part. This loop has small slope comparable to the larger loops described in the main frame.
Let us now turn to the interpretation of these results. Clearly, the FM→ SC transition proceeds via a series of jumps in diamagnetic screening due to formation of superconducting regions of macroscopic volume, roughly 5 -20 % of the sample volume depending on the applied field and temperature. Indeed, each observed step may be the result of the simultaneous formation of many individual superconducting domains of similar size. These steps in are present both for H ʈ c and H ʈ a, although in the latter case the steps are smaller and more pronounced, possibly due to magnetic and shape anisotropies. The number of steps increases with the increasing field and the first step ͑the first sign of superconductivity͒ occurs at a higher temperature for larger applied field. Overall, the FM→ SC transition is apparently first order and, as discussed below, is probably a transition to a type-I superconducting state such as that proposed in Refs. 2, 13, 22, and 23.
In our interpretation, the first jump occurs at a temperature where the internal field becomes equal to a "supercooling" field of a type-I superconductor. ͑Note that during the FM→ SC transition we progress deeper into the superconducting phase on warming. This would correspond to a cooling of a regular type-I superconductor. 19, 32 ͒ When the first superconducting domains appear, the effective magnetic field in normal regions around them increases due to the flux expulsion. This net increase in the internal field in the remaining FM regions stabilizes them to higher temperatures. The system now needs to go to a higher temperature, deeper into the SC state to produce more superconducting phase. In this scenario, the observed jumps in correspond to a cascade of such "supercooling" transitions. If the temperature is lowered before the transition is complete, the domains remain stable to lower temperatures, due to physics similar to "superheating" of a type-I superconductor. It is also quite possible that the superconducting domains have the modulated spin structure seen in neutron scattering. 16 Finally, it seems that the number of ferromagnetic domains or their boundaries are not directly related to the observed steps, because at higher fields, the number of these domains decrease and dominant domains ͑along the applied field͒ grow in size.
In striking contrast with the FM→ SC transition, the SC → FM transition is smooth and proceeds to lower temperatures. Recent works show that in type-I superconductors an intermediate state is highly asymmetric with respect to the increase or decrease of the magnetic field. 33 Therefore it is quite possible that flux tubes are being generated when the system crosses smoothly into the normal, FM phase. It is also possible that a ferromagnetic modulation with a period of ϳ10 nm develops and this would be compatible with the long-range coherence observed in neutron scattering experiments. 16 We note that the unusual, nonmonotonic behavior of in the vicinity of the FM boundary from the SC side, could be due to an FFLO state suggested by Bulaevskii for ErRh 4 
